[1] Global Positioning System (GPS) measurements provide the first direct measurement of plate motion and crustal deformation across the Scotia-South America transform plate boundary in Tierra del Fuego. This plate boundary accommodates a part of the overall motion between South America and Antarctica. The subaerial section of the plate boundary in Tierra del Fuego, about 160 km in length, is modeled as a two dimensional, strike-slip plate boundary with east-west strike. Along the Magallanes-Fagnano fault system, the principal fault of this portion of the plate boundary, relative plate motion is left-lateral strikeslip on a vertical fault at 6.6 ± 1.3 mm/year based on an assumed locking depth of 15 km. The site velocities on the Scotia Plate side are faster than the relative velocity by an additional 1-2 mm/yr, suggesting there may be a wider region of diffuse left-lateral deformation in southern Patagonia. The northsouth components of the velocities, however, do not support the existence of active, large-scale transpression or transtension between the South America and Scotia plates along this section of the plate boundary.
[1] Global Positioning System (GPS) measurements provide the first direct measurement of plate motion and crustal deformation across the Scotia-South America transform plate boundary in Tierra del Fuego. This plate boundary accommodates a part of the overall motion between South America and Antarctica. The subaerial section of the plate boundary in Tierra del Fuego, about 160 km in length, is modeled as a two dimensional, strike-slip plate boundary with east-west strike. Along the Magallanes-Fagnano fault system, the principal fault of this portion of the plate boundary, relative plate motion is left-lateral strikeslip on a vertical fault at 6.6 ± 1.3 mm/year based on an assumed locking depth of 15 km. The site velocities on the Scotia Plate side are faster than the relative velocity by an additional 1-2 mm/yr, suggesting there may be a wider region of diffuse left-lateral deformation in southern Patagonia. The northsouth components of the velocities, however, do not support the existence of active, large-scale transpression or transtension between the South America and Scotia plates along this section of the plate boundary.
Introduction
[2] The Scotia Arc Project (Figure 1 ) is using GPS geodesy to study the geodynamics of the Scotia Arc and surrounding regions. The Scotia Arc is composed of the Scotia and South Sandwich Plates, which are small, young, and principally oceanic plates. These plates formed in response to changes in the relative plate motions of South America and Antarctica during the past 30 Myr [Barker et al., 1991] . The Scotia-South America plate boundary is a mostly submarine transform boundary defined by the North Scotia Ridge [British Antarctica Survey, 1985] . It is the northernmost of three, left-lateral transform faults defining the north, west, and south sides of the Scotia plate. Relative motion between South America and Antarctica appears to be partitioned between these three fault systems, although the relative partitioning between the faults is poorly known.
[3] The western end of the North Scotia Ridge continues along-strike, traversing the island of Tierra del Fuego as the Magallanes-Fagnano fault system (Figure 1, Figures 2a and 2b ). Geological evidence indicates this is the active plate boundary, or at least the most active component [Olivero et al., 1995; Olivero and Malumián, 1999; Schwartz et al., 2001; Olivero and Martinioni, 2001; Lodolo et al., 2002] . Several major sub-parallel faults, including a fault along the Lasifashaj Valley, an inferred fault in the Beagle Channel and a fault through Lago Deseado, could also accommodate part of the plate motion ( Figure 2b ). Continuing to the west, the Magallanes-Faganano fault returns to a subaqueous setting in Lago Fagnano, Seno Almirantazgo and the Straits of Magellan as it bends to a more northwesterly strike becoming one limb of a complex, diffuse, unstable trenchtrench-transform triple junction between the Antarctic, South America and Scotia plates [Forsythe, 1975; Cunningham, 1993] .
[4] The North Scotia Ridge has a long wavelength, 1,000 km scale, S-shape ( Figure 1 ). Sidescan sonar studies along the North Scotia Ridge south of the Falkland/Malvinas Islands indicate plate motion in that region is currently pure strikeslip [Cunningham et al., 1998 ]. Recent marine seismic studies east of Tierra del Fuego, along the oceanward extension of the Magallanes-Fagnano fault, image an asymmetric basin. This basin is interpreted to be a transtensional pull-apart structure, formed between the main plate boundary fault on the north and a complex set of small normal faults on the south [Lodolo et al., 2002] . To the west of Lago Fagnano, the plate boundary turns northwest through Seno Almirantazgo and the Straits of Magellan in a restraining bend geometry, although geological studies have proposed both transtensional and transpressional interpretations for development of the structures in this region [Cunningham, 1993] .
[5] Before the breakup of Gondwana, the Andes are thought to have been continuous from South America to the Antarctic Peninsula [Dalziel and Elliot, 1971; DeWit, 1977; Dalziel, 1989; Cunningham et al., 1995] . As a consequence of the relative South America-Antarctica plate motion and coeval formation of the Scotia plate, the north-south striking southernmost Andes were sheared and rotated 90°c ounterclockwise, becoming part of the ScotiaSouth America plate boundary [Cunningham et al., 1991; Cunningham, 1993; Kraemer, 1999; Diraison et al., 2000] . This process probably continues today, as there are young rift structures north of the strike-slip plate boundary (Figures 2a and 2b ) [Diraison et al., 1997 [Diraison et al., , 2000 . This suggests a model similar to western North America where deformation is partitioned between a well-defined plate boundary along the San Andreas transform fault plus a wider area of distributed deformation in the Basin and Range [Atwater, 1970] . The rift structures of Tierra del Fuego and southern Patagonia are also consistent with tectonics due to drag around the southwest corner of South America [Diraison et al., 1997 [Diraison et al., , 2000 , suggesting a continuing development of the Patagonian orocline. As a consequence of the oroclinal bending, the strikes of lithologic boundaries and older structures produced by previous episodes of compressional plate boundary tectonics are now parallel to the strike of the active transform plate boundary. Many of these older faults have been reactivated as strike-slip faults [Winslow, 1981] , but estimation of strike-slip displacement and displacement rate has been hindered by the lack of piercing points due to the changes in lithology across the faults.
Olivero et al. [1995] estimated that a minimum of 30 km of displacement has occurred during the past 30 Myr.
[6] Finally, before and during the last glacial maximum, glaciers carved out many of the presumably weak fault zones leaving long deep valleys. Lago Fagnano, Seno Almirantazgo, the Beagle Channel, the Straits of Magellan, the San Sabastián and Inútil Bays, and the rift structures in northern Tierra del Fuego occupy such valleys (Figures 2a and 2b ). Many of these valleys are now drowned fiords, lakes or bays. This makes it difficult to determine if they contain active faults, if the faults are locked or creeping, the amount of offset, and the relative contribution to their formation of transpressional pull-apart tectonics versus glacial carving. Where the trace of the faults outcrop subaerially, along with much of the lower elevation and low relief areas of Tierra del Fuego, the surface is covered with either very young glacial [Olivero et al., 1995; Olivero and Malumián, 1999; Schwartz et al., 2001; Olivero and Martinioni, 2001; Lodolo et al., 2002] but no evidence has been reported for fault creep.
[7] There is a very low level of seismicity observed along the South America-Scotia boundary [Pelayo and Wiens, 1989; Adarnos et al., 1999] . Some local seismicity has been recorded, however, that suggests microseismic activity generally follows the Fagnano-Magallanes fault [Febrer et al., 2000] . A small cluster of events was also found in the Beagle
Channel [Febrer et al., 2000] . The low level of seismicity along the plate boundary as a whole is generally thought to be due to the slow rate of movement between the two plates across a locked fault [Pelayo and Wiens, 1989; Adarnos et al., 1999; Lodolo et al., 2002] . Locally, especially along the westernmost section of the plate boundary in Tierra del Fuego, aseismic creep may also be a factor. Distinguishing between these two cases is important in the estimation of seismic hazard [Bürgmann et al., 1998 ]. The plate boundary passes between the two principal cities of Argentine Tierra del Fuego. Rio Grande (location of site RIOG, Figure 3 ), a manufacturing and oil production center, is about 75 km to the north; Ushuaia (location of site AUTF, Figure 3 ), a manufacturing center and port, is about 35 km to the south. An Figure 2a . Map of the Scotia-South America-Antarctica triple junction region, study area and GPS network. Symbols are as in Figure 1 , except strike-slip boundary, modified from Cunningham [1993] , Klepeis [1994] and Diraison et al. [1997] , through Tierra del Fuego, in red. Dashed red lines for inferred faults. Active normal faulting north of 54°S is after Diraison et al. [1997] (ticks on downthrown sides). The NNW-SSE oriented gray arrows show proposed extensional tectonics north of main plate boundary and the gray circular arrow shows proposed block rotation around the triple junction corner of South America after Diraison et al. [1997] . Antarctic-South America subduction boundary is shown by black line. SM: Straits of Magellan.
important gas pipeline and the only road to Ushuaia cross the plate boundary near the eastern end of Lago Fagnano. The plate boundary is also near the Chilean port city of Punta Arenas (Figure 2a ) located on the Straits of Magellan. Each of these cities has a population of about 50,000.
[8] The earliest report of seismic activity in Tierra del Fuego was associated with an earthquake in 1879 [Bridges, 1879] Goodall also reported liquifaction in the floodplain of the Rio Grande, near the city of Rio Grande, associated with the first event but did not report any with respect to the second. Liquifaction was also observed 150 km southwest of Punta Arenas [Lomnitz, 1970] , although it is not known if it was caused by the first or second event. Horizontal offsets of fences of up to 5 meters were reported by the manager of a farm along the Atlantic coast where the MagallanesFagnano fault goes out to sea (E. Oyarzun, personal communication) and also by a member of a search and rescue team that followed the fault trace from Lago Fagnano east to the coast in 1950 (R. Sutherland, personal communication). Sutherland reported additional geomorphic features that, while not observed until a year after the earthquake sequence, are thought to be associated with the first event.
Trenching on the still visible rupture trace of the 1949 event along the Magallanes-Fagnano fault indicates it has ruptured several times, although missing geologic section and lack of offset information precluded determination of average repeat times and magnitudes [Schwartz et al., 2001] . There are no reports of surface rupture associated with the second event.
[9] This paper presents the results from a network of 20 GPS stations in Tierra del Fuego and southern Patagonia that spans the central portion of the Magallanes-Fagnano fault of the Scotia-South America transform boundary (Table 1, Figures 2  and 3) . Although the time period sampled is short and the density of measurement points is low, GPS measurements can directly address the questions of plate movement and its partitioning among candidate faults, overcoming some of the geologic problems discussed above. The GPS measurements provide the first direct constraints on the rate of plate movement and associated crustal deformation along the westernmost portion of the Scotia-South America plate boundary.
Data Analysis
[10] In the austral summer of 1993-94 a sparse GPS network was installed and measured in Chilean Patagonia and Tierra del Fuego. Measurements were performed in a traditional GPS campaign. Between 1995 and 1997 a network of continuous GPS stations was installed throughout Argentina and Chile to support future fieldwork using the measurement strategy advocated by Bevis et al. [1997] . In this scheme, sites are measured individually, or in small groups, with respect to the continuous network. In 1998, in Argentina, the network was densified in Tierra del Fuego and expanded in southern Patagonia. As discussed earlier, many of the accessible areas of Tierra del Fuego, especially along the faults, are covered with saturated unconsolidated glacial deposits or peat. Figure 3 ), defined with respect to stable South America, clearly shows an increase in velocity from the north to the south with respect to stable South America. The velocity gradient is concentrated in the region of the Magallanes-Fagnano fault and is associated with the plate boundary. As expected, movement of the sites on the Scotia Plate side is almost directly east, which is leftlateral with respect to stable South America.
[11] The GPS data were processed using a distributed processing approach [Feigl et al., 1993; Oral, 1994; Zhang, 1996; Bock, 1998 ] described by Kendrick et al. [1999 Kendrick et al. [ , 2001 . GAMIT was used to process a regional data set composed of both continuous and campaign stations [King and Bock, 1998 ]. The continuous stations are processed every day, regardless of whether campaign stations are active. GLOBK was used to merge our daily regional solution with SOPAC's daily global solution in a free-network adjustment that takes full account of the covariance matrices [Herring, 1998; Bock, 1998 ]. By using a freenetwork solution, also known as an inner coordinate solution, the daily polyhedra formed by the GPS sites, rather than the individual site position time series, can be used as the basic data for velocity determination. Unless there is an earthquake or other effect generating an offset at some sites, the geometry of these polyhedra is essentially invariant from day to day, but evolves over months to years. To obtain site velocities, an iterative, weighted, regional linear alignment of the daily polyhedra is performed. This stacking stabilizes the site position time series (Figure 4) , reducing the scatter of the time series and the error associated with the velocity estimation [Kendrick et al., 1999 [Kendrick et al., , 2001 ].
[12] Error estimation, also described by Kendrick et al. [1999 Kendrick et al. [ , 2001 , follows the standard procedure of calculating the velocity covariance matrix assuming uncorrelated Gaussian errors with scaling by the post-fit scatter of the position time series [Larson et al., 1997] . It is generally agreed that these estimates are optimistic due to the existence of colored or correlated noise in the GPS time series [Larson et al., 1997; Zhang et al., 1997 , Mao et al., 1999 . The error estimates, for both the continuous and campaign sites are therefore scaled based on the fractal gaussian noise model of Zhang et al. [1997] . Note that even with rescaling, the error estimates for the continuous stations are much smaller than those for the campaign stations. This is due to the larger number of observations for the continuous stations, over 1000, compared to the much smaller number of observations for the campaign stations, order 10, used to make the gaussian error estimate. Santillan [2003] , using the processing method of Kendrick et al. [2001] , examined the evolution of velocity estimates for continuous stations as a function of the time span used to determine them. Velocity estimates were updated monthly, each estimate having one month of additional data. For continuous stations in stable North America, the velocities stabilized after three to four years, with the new velocity estimations varying by less than the formal errors based on the unscaled Gaussian statistics. This suggests that at least some of the correlated errors are reduced using the network stacking procedure as compared to processing the position time series for each site independently.
[13] The free network (inner coordinate) solution is finally transformed into some useful outer coordinate or absolute reference frame, in this case a regional South American reference frame updated from Kendrick et al. [1999] . This step is not necessary to analyze the deformation associated with the plate boundary, but it is helpful for interpretation as it presents the velocities in a tectonically meaningful manner. For analysis of the deformation pattern across the plate boundary it is not necessary to propagate the errors in the reference frame definition because the free network processing correctly estimates the inner coordinate errors.
Modeling and Results
[14] There are two basic end-member models for strike-slip plate boundaries, the thick and thin lithosphere models (Figure 5a ) [Savage and Burford, 1975] . Both are two-dimensional and consider the lithosphere to be a homogeneous elastic material. The thick-skinned model is a halfspace model with an embedded screw dislocation representing the fault. The screw dislocation defines the down-dip termination of the fault. Tectonically, the deformation across the fault is driven by equal and opposite far-field velocities.
The thin-skinned model is a plate model, driven by basal forces. Both models predict the same surface deformation [Thatcher, 1983] (Figure 5c ), so surface geodetic measurements cannot distinguish between them. Savage and Burford [1975] considered the thick lithosphere model, which is relatively straightforward to solve analytically for both coseismic and interseismic deformation. The model has two parameters, locking depth and plate velocity, which can theoretically be determined by inversion of observed interseismic deformation. In the basic model the two parameters are completely decoupled and each controls an independent aspect of the model.
The difference between the velocity asymptotes determines the relative plate velocity (Figure 5c ). The shape of the deformation field is an inverse tangent that is a function of the dimensionless ratio x/D, where x is the distance from the fault and D is the depth of the screw dislocation or locking depth. The shape is therefore invariant and simply scales with the locking depth. The deformation field is limited to approximately 12 times the locking depth [Lisowski et al., 1991] but the shape varies very little for geologically reasonable locking depths. This makes inversion for locking depth unstable [Weertman, 1965 [Weertman, , 1973 Parker, 1977] , as significant model variations may be statistically indistinguishable within the measurement errors. The locking depth, however, can be independently estimated from seismicity [Brace and Byerlee, 1970; Sibson, 1977 Sibson, , 1982 Sibson, , 1983 Marone and Scholz, 1988] , and it is not uncommon to assume a geologically reasonable locking depth or use a seismically determined locking depth when inverting deformation data to estimate strike-slip fault parameters [e.g., Murray and Segall, 2001; Miller et al., 2001] . Additional problems occur when there are multiple active faults that are less than several locking depths apart. This has the effect of coupling the depth and slip rate estimations because the asymptote information, which would otherwise independently control the slip rate estimation on an individual fault, is lost. In addition, the partitioning of the total motion between the faults also has to be estimated. In the San Francisco Bay Area, for example, estimates of slip rate on the Figure 5 . (opposite) (a) Thick and thin-lithosphere strike-slip fault models after Savage and Burford [1975] . Thick gray arrows without outlines are deep far-field or basal boundary conditions, thick gray arrows with black outline are farfield boundary conditions on the sides. The interseismic surface deformation field is continuous across fault. (b) Thicklithosphere model with shallow creeping section. The interseismic surface deformation field is now discontinuous across fault, and is shown by solid arrows indicating slip at the surface. (c) The interseismic surface deformation or velocity for several models: thick skin model for a fault with a locking depth of 20 km (continuous black line) and for a fault locked from 5 to 20 km with shallow creep from 0 to 5 km depth for the superposition model (discontinuous red line, creep velocity same as far field velocity) and for the tectonically consistent model with a friction-free creeping section (discontinuous blue line). The blue and black lines bound the deformation pattern for the more realistic model that includes depth-dependent friction on the shallow creeping section [Savage and Lisowski, 1993] . The deformation field for the case of the creeping, friction-free fault was computed using the program 3-D DEF [Gomberg and Ellis, 1994] . The velocity scale on the left is in fraction of the plate rate with the velocity origin halfway between the two anti-symmetric far field asymptotes. The velocity scale on right is for a relative plate rate of 5 mm/yr with an offset of 1 mm/yr with respect to the reference frame. The reference frame is defined by additional measurements to the right where the velocities are zero. Cross section of model below the deformation pattern shows relationship between the position of the axis of the asymmetric deformation pattern and the positions of the down-dip end of the fault and the surface trace of the fault. San Andreas fault depend on how the slip is partitioned between the various faults there. Estimation of slip on the San Andreas alone varies from 10.5 to 22.6 mm/yr while the locking depth estimates range from 4.7 to 44.6 km [Freymueller et al., 1999; Murray and Segall, 2001 ].
[15] The model of a screw dislocation in an elastic halfspace can be easily extended to include shallow creeping behavior using the principle of linear superposition (Figures 5b and 5c ). This allows estimation of the depth and velocity for the shallow creeping section. A problem with this approach is that the results for the creeping section are purely kinematic. As before, the velocity on the deeper section of the fault is interpreted to be the relative plate velocity and is directly related to the dynamics of the plate tectonic model. The properties of the creeping section, however, are found solely from a kinematic two-parameter fit for depth and slip velocity of the creeping section. A creeping fault should be driven by a combination of the plate motions plus the local stress concentration generated by the locked portion of the fault. The simplest version of this type of model has a shallow friction-free fault, which slips to relieve the local stress field produced by the locked section (Figures 5b and 5c ). The surface deformation pattern is very different from that found by the superposition method in that it does not have the cusp near the fault. The displacement on the creeping part of the fault is also not uniform. It varies with depth as needed to balance the nonuniform driving forces applied to the unlocked shallow section of the fault. Savage and Lisowski [1993] , following Weertman [1964] , considered a more physically reasonable version of this model in which the fault includes a depth dependent frictional behavior. The deformation pattern for this model is bounded by that of the friction-free creep model and the basic single locked fault model. Owing to the difficulty of inverting the surface deformation data, estimates of the depth of the creeping section may depend on an alternate analysis that depends on the time rate of change of the stress and the creep rate across the fault rather than a fit to the deformation data [Savage and Lisowski, 1993] . The slip rate of the creeping section at the surface is directly measurable, by traditional or space geodetic techniques, due to offset across the fault.
[16] Deformation patterns associated with creeping faults are found both with and without the cusp shape [Lyons et al., 2002] . Variation of the deformation from the two-dimensional behavior discussed above, such as the cusp, can be modeled by varying the depth of the locked or creeping sections along-strike [Freymueller et al., 1999] . The analytic solutions discussed so far are twodimensional and cannot model finite faults or faults whose properties vary along-strike. Numerical techniques, such as the elastic deformation code 3D-DEF [Gomberg and Ellis, 1994] , can be used to model finite and non two-dimensional geometries and include faults that are driven by the stress field, rather than having displacement specified a-priori, although 3D-DEF does not include fault friction.
[17] To model the deformation associated with the Magallanes-Fagnano fault, a weighted least squares algorithm was used in a grid search inversion of the GPS velocities using the homogeneous elastic halfspace model of Savage and Burford [1975] discussed above. In addition to the two intrinsic parameters of the model, the strike and position of the anti-symmetric deformation pattern also have to be determined. In the theoretical discussion for interseismic deformation, the origin for distance is the point on the surface directly above the screw dislocation. This is the position of the axis of antisymmetry of the surface deformation pattern. The ''fault position'' found in the inversion is therefore the surface position of the down-dip end of the fault, and not the position of the surface trace of the fault. For a vertical fault the surface trace of the fault is coincident with the origin. For a dipping fault the surface positions of the trace of the fault and the axis of anti-symmetry are not the same. The distance between them, together with the depth of the screw dislocation, provides an estimation of the dip. The origin for velocity in the theoretical discussion is half the relative plate velocity, since there is no absolute reference frame. In certain cases, however, choosing one side of the fault as the velocity reference, rather than the middle of the velocity range, allows one to estimate relative mo- tion between the strike-slip deformation pattern and the reference frame (Figure 5c ). This could also be done by finding velocities for the two asymptotes, determining the relative velocity from their difference and estimating the velocity offset from their average. Applying this idea to the case of the San Andreas and western U.S. while using the eastern U.S. as the reference provides estimates for the Pacific-North America relative plate motion plus how this motion is partitioned between the narrow San Andreas transform boundary and the wider area of diffuse deformation of the Basin and Range.
Applied to the Scotia-South America plate boundary, it allows estimation of partitioning of the South America-Scotia relative movement between the principal transform boundary plus tests for the existence of broader diffuse deformation. Such deformation could be associated with the proposed continued development of the Patagonian orocline or deformation associated with drag around the south-west corner of South America [Diraison et al., 1997 [Diraison et al., , 2000 .
[18] Full inversion for the position, azimuth, locking depth, and velocity of an east-west striking fault is unstable due to the lack of suitable monument sites close to the fault and the limited along-strike aperture of the network. The across-strike sampling of the deformation field near the fault was limited by the scarcity of suitable monument sites due to the lack of rock outcrop and the geodetic instability of the surface geology. This prevented making a reliable estimate of the locking depth. Unfortunately, Figure 6 . Fit of GPS data to simple strike-slip model of Savage and Burford [1975] . ( the lack of seismic activity also precludes making an independent estimate of the locking depth. On the basis of the ability of the fault to generate mid to high magnitude 7 earthquakes, a depth of 15 km was assumed in the inversion for the remaining parameters. This is a reasonable estimate considering results for other strike-slip plate boundaries [Murray and Segall, 2001; Thatcher, 1990; Beavan et al., 1999; Leitner et al., 2001; Wright et al., 2001] . The along-strike aperture of the network and threedimensional geometric complications also prevent inverting for the strike of the model fault. The portion of the plate boundary in Tierra del Fuego is situated in a pure strike-slip section between a restraining bend to the west and a releasing bend to the east (Figure 1 ). The Magallanes-Fagnano fault through Lago Fagnano and the trace of the plate boundary at regional scale have east-west average strikes in the region of the network. The fault was therefore assumed to strike east-west, which is in general agreement with the velocity pattern.
[19] Results for the inversion for the fault parameters are given in Table 2 and shown in Figure 6a .
For the grid search inversion, the N dimensional minimum of c 2 estimates the parameter values in a least squares sense. The F-statistic [Jenkins and Watts, 1968] was used to determine the confidence intervals. The position of the down-dip end of the model fault is coincident with the surface trace of the Magallanes-Fagnano fault (latitude À54.54°± 0.11°) at the eastern end of Lago Fagnano, defining a vertical fault. Considering the uncertainty in location (±12 km) and the assumed depth of the down-dip end of the fault of 15 km, the estimated dip is 90°± 40°. The relative velocity across this segment of the plate boundary was found to be 6.6 ± 1.3 mm/yr. Even though the sampling is sparse on the southern side of the Magallanes-Fagnano fault, the GPS velocities suggest that the major mapped faults there (Figure 2b) are not currently active.
[20] The model used to describe the deformation pattern is two-dimensional. The GPS network is concentrated in a north-south transect across Lago Fagnano, through which the fault is inferred to pass, but the exact trace of the fault in the lake is unknown. The mapped fault is not straight, con- taining several en echelon offsets [Cunningham, 1993; Klepeis, 1994; Diraison et al., 1997; Lodolo et al., 2002] . Between Lago Fagnano and the Atlantic coast, east of most of the GPS network, the fault is relatively straight and strikes slightly south of east. It also includes a small lake that may be a small pull-apart structure in a releasing en echelon offset. To remain in Lago Fagnano, the fault has to bend, or contain en echelon offsets at a scale smaller than the lake. To the west, in Seno Almirantazgo, the strike of the fault bends approximately 30°to strike WNW-ESE and the fault continues to the triple junction in a relatively rectilinear manner with several restraining en echelon offsets (Figure 2a ). In the area of the bend, there is also a sub-parallel fault, the Deseado fault, on the north side of the Magallanes-Fagnano fault. The average strike of Lago Fagnano is east-west, the direction chosen for the strike of the model fault. If the model fault is coincident with the trace of the Magallanes-Fagnano fault to the east of Lago Fagnano, it does not coincide with the fault in Lago Fagnano, or in Seno Almirantazgo to the west of the lake, without bends or en echelon offsets. Because the geometry of the GPS network is limited in both cross and along-strike sampling, it does not allow the GPS velocity field to resolve second-order deformations that may be caused by deviations of the fault from being straight, multiple fault strands, active transtension or transpression across en echelon offsets and small amplitude releasing or restraining bends. While geologically reasonable, it is not justifiable to use a more complicated fault model to fit the GPS data.
[21] Figure 6a shows that two sites on the north side of the fault, VCNA and ASND, on the north side of the fault are poorly modeled. A simple sensitivity analysis showed the results are highly sensitive to ASND, which is very close to the fault and therefore has a strong influence in defining the shape of the deformation field, but not VCNA, which is farther away and closer to the region of uniform asymptotic behavior. VCNA is one of several sites; that were measured only twice. The first measurement of these sites in 1994 used a tripod to position the antenna, a dual frequency C/A code receiver and a non-choke ring antenna. After 1995, all measurements were made using a fixed-height mast, a receiver with C/A tracking on L1 and Z-tracking on L2 and a choke ring antenna. The velocities for all the sites measured twice, except VCNA, are consistent with the tectonics and modeling. With only two measurements, it is difficult to evaluate the significance of velocity at VCNA. Additional measurements are necessary to establish if there may have been setup problems at VCNA, or if the velocity anomaly is real and a more complex model is needed to explain it. The site ASND, however, was measured four times over a period of three years, and the error is in the same range as that of the other sites. This suggests that the velocity there may be anomalous. ASND is just north of the eastern end of Lago Fagnano, which is located in a narrow, glacially carved valley that is at least 1 km deep along much of its length. The free sides of the valley can be thought of as the two sides of a creeping frictionfree fault. The shape of Lago Fagnano in this area also suggests the possibility of this being the site of a releasing bend. This would accentuate conditions conducive to creep along this section of the fault by lowering the normal stress across the fault. Arguing for a locked fault, and against large-scale creep, however, is the fact that no geomorphologic evidence for creep along the subaerial part of the fault immediately east of Lago Fagnano has yet been observed and that this section of the fault ruptured in a large earthquake in 1949. The three-dimensional changes in the fault geometry here may be responsible for the deviation of the deformation field from that predicted by the simple two-dimensional halfspace model. A test of the inversion, which includes locking depth in addition to the relative velocity and velocity offset, was made with the two sites ASND and VNCA removed. This produced a result that is close to and statistically indistinguishable from the result of the inversion in which the depth was fixed at 15 km, while reducing the RMS by half.
[22] All the velocities are stated with respect to stable South America, so points distant from the plate boundary on the South American side should have zero, or due to uncertainty in the reference frame definition, small velocities. The velocity off- set parameter allows the reference side of the fault to have a non-zero asymptotic velocity. This allows consideration of small motions of the sites used to define the fixed South America plate and/or allow for proposed regional deformations to occur across a wider boundary, such as that related to drag tectonics around the corner geometry of the triple junction [Diraison et al., 1997] . This suggests consideration of a model similar to the western US where the relative plate motion is partitioned between the plate boundary and a region of distributed deformation in the continental plate [Atwater, 1970] . Considering the additional 1.4 ± 0.8 mm/yr of velocity offset between the strike-slip deformation pattern and stable South America, which is defined at the 1 mm/yr level, the GPS results suggest a velocity of 8.0 ± 2.1 mm/yr for the relative plate movements. This estimate is in agreement with the magnitudes of the velocities along the Beagle Channel and at Cape Horn (ORNO). The Euler pole of Pelayo and Wiens [1989] predicts 5.3 mm/yr left-lateral transtensional motion with respect to stable South America (Figure 3 ). The position of the pole was determined using slip vectors and transform azimuths, while the magnitude was determined by closure. The GPS vectors show a faster relative plate movement with a statistically insignificant transpressional component (Figure 6b ).
[23] The north-south component of the velocity field (Figure 6b ) is approximately constant across the network, averaging at about 1mm/yr to the north. Of the four sites that have a southerly component, three are based on measurements that span only two years. These estimations are not as reliable as those that span three years. The geology suggests extension in Southern Patagonia [Diraison et al., 1997 [Diraison et al., , 2000 and transtension along the Magallanes-Fagnano fault in Tierra del Fuego [Lodolo et al., 2002] , which would suggest an extensional component to the velocity field with respect to South America that should increase as the plate boundary faults are crossed while going south. Small regions of slow extensional tectonics are difficult to constrain with GPS as geologically significant structures can be produced by extension rates that are below the resolution of GPS. Block rotations, as suggested by Diraison et al.
[1997], could explain areas with slightly northward movement relative to South America that would be consistent with rotating blocks. Rotations cannot explain, however, the relatively uniform northward motion across the whole network. The lack of any geological structures striking slightly north of east, parallel to the GPS vectors, argues against the model fault striking north of east. As the magnitude of the north-south component is within the uncertainties in the definition of the reference frame a strong interpretation of these results cannot make.
Conclusions
[24] The new GPS data allow a preliminary determination of several of the major properties of the segment of the Scotia-South America plate boundary that crosses Tierra del Fuego. In spite of the complexities of its geological history and current plate tectonic setting, the best model is a simple two-dimensional, vertical strike-slip fault, across which there is 6.6 ± 1.3 mm/yr relative plate motion. If the reports of 5 m offset for the 1949 event are accepted, which is reasonable for the magnitude of the event, the GPS rate of 6.6 mm/a results in a repeat time on the order of 750 years, although the uncertainty of this estimate is large. An additional 1-2 mm/year of relative plate motion may also be diffusely distributed across a large region in northern Tierra del Fuego and southernmost Patagonia. Such deformation is suggested by continued development of the south-western corner of South America as the unstable triple junction and the drag around the corner continue to evolve. The locking depth is poorly constrained by GPS, but considering the magnitude of the 1949 earthquake a locking depth of 15 km was assumed. The position for the downdip termination of the fault was coincident with the surface trace indicating a vertical fault. The error estimate in the position estimation gives an uncertainty of ±40°for the dip. Global plate models indicate $22 mm/yr [DeMets et al., 1990] left-lateral latitudinal motion of the South America plate with respect to the Antarctic plate. The implication has been that this is partitioned between transform faults along the North Scotia Ridge, the Shackleton Fracture Zone, and the South Scotia Ridge (Figure 1 ). The velocity determined here for the motion across the boundary between the South America and Scotia plates appears to be compatible with motion of this order between the two major plates.
